The aerodynamic data obtained in the static and dynamic wind tunnel tests are presented in this paper. The tests are performed in the T-38 wind tunnel facility of the Military Technical Institute in Belgrade. Normal force and pitching moment in static and dynamic tests are measured using semiconductor five-component strain gauge balance. This specific five-component balance is dynamic derivative balance. Forced oscillation technique is used for the dynamic measurements applied in the T-38 wind tunnel. The wind tunnel data are compared with aerodynamic data determined using flow simulations with RANS (CFD) code and applied models of turbulence. The aerodynamic data calculated using semi-empirical prediction were the initial values for the numerical research. The experimental and numerical data are presented for the one standard missile model (Modified Basic Finner Model) for three flow regime Mach numbers.
INTRODUCTION
A wind tunnel strain gauge balance measures aerodynamic load and supports a model in a wind tunnel test section. The main function of the wind tunnel balance is to resolve the total aerodynamic load on a model into a number of components. Wind tunnel balances are classified into one-component and multi component balances according to the number of aerodynamic load components measured by the balance. Types of wind tunnel balances are varied, so each of them is appropriate to the particular set of circumstances [1] . The balances can also be classified by the location at which they are placed. If a balance is located outside of a model or a wind tunnel test section, the balance is referred as an external balance [2, 3] and if it is located inside a model, it is referred as an internal balance [4] .
A strain gauge balances are the most widely used for forces and moments measurements in wind tunnels. Along with the five-component and six-component stingtype strain gauge balances, there are a number of special strain gauge balances to meet the requirements of special measurements, for example, hinge moment balances, dynamic derivative balances, jet balance, Magnus balances, rotating balances, rotating wing balances, minirolling moment balances, micro-range balances, and so on [5] .
The strain gauge balance is designed in such a way that strains in its particular sections of the structure are mostly proportional to one aerodynamic component acting on the model. By bonding resistance strain gauges to these appropriate sections of the structure and connecting them to the form of Wheatstone bridges, electrical outputs proportional to the various forces and moments can be obtained [6] . Two most common types of strain gauges are metal foil-type strain gauge and semiconductor-type strain gauge [7] . The foil strain gauges are commonly used in wind tunnel experiments. The use of semiconductor strain gauges is not widely applied in experimental measurements. In almost all cases, measuring bridges on the strain gauge balances for static aerodynamic tests are formed from foil-type strain gauges. The adverse temperature dependent effects are more severe with semiconductor strain gauges than with foil-type gauges and these effects are more difficult to compensate. On the other hand, for normally available semiconductor strain gauges the ratio between the measured strain and output signal given by the strain gauge is about fifty to sixty times that the foil-type strain gauge [8] . The large signal given by semiconductor strain gauges is particular advantage in the presence of strong interference fields. The high sensitivity is the main reason for using semiconductor strain gauges for the measurements of very small loads.
The five-component dynamic derivative balance presented in this paper is designed for tests in the T-38 wind tunnel in the Military Technical Institute in Belgrade (VTI) [9] . One of the main aspects of the presented research was to check the measurement accuracy of static aerodynamic data obtained using the semiconductor strain gauge balance, which is primarily intended for dynamic wind tunnel tests. In dynamic wind tunnel tests, whose main task is determination of the dynamic aerodynamic data, static aerodynamic data are obtained too. These are reasons why the accuracy of measurement of the static aerodynamic data with the dynamic balance is of great interest.
The T-38 wind tunnel data are compared with the results of semi-empirical methods and the results of the numerical simulation researches. The semi-empirical results of aerodynamic data are developed according to two different methods [10] [11] [12] and represented as the semi-empirical aerodynamic prediction results. The numerical results of aerodynamic data are derived from the numerical simulations, using the different resolutions of the numerical domain and the different turbulent viscosity models. Those results are represented as numerical aerodynamic prediction results [13, 14] .
EXPERIMENTAL TEST AND PROCEDURE
The T-38 wind tunnel of the VTI, Fig. 1 , is a blowdown-type pressurized wind tunnel with 1.5×1.5 m 2 square test section. Mach number in the range of 0.2-4.0 can be achieved in the test section. The forced oscillation technique is used for the dynamic wind tunnel tests [15] . A wind tunnel model is forced to oscillate in the single degree of freedom (primary degree of freedom) with constant frequency and small amplitude. During the experiment, aerodynamic reactions in the primary and secondary degrees of freedom are measured. Those reactions in turn yield relevant static stability derivatives, dynamic direct stability derivatives, cross and cross-coupling stability derivatives.
The basic scheme of the model oscillation in pitch plane is given in Fig. 2 , where V is free stream velocity and θ is angular oscillatory motion in pitch. This paper presents results obtained using the T-38 pitch/yaw apparatus. The T-38 pitch/yaw apparatus is full-model forced oscillation apparatus with the primary angular oscillation around a transversal axis (pitch or yaw) of the model and with capability of measuring the aerodynamic reaction in the primary degree of freedom as well as in secondary degrees of freedom. The wind tunnel model is attached to the front cone of the internal five-component strain gauge balance, Fig. 3 . The sensor for the detection of the model primary oscillatory motion is located on the elastic suspension system of the apparatus.
Amplitudes of the excitation moment are measured by pitching moment measuring bridge on the internal dynamic derivative balance.
The static and dynamic stability derivatives in dynamic tests are obtained from: -amplitude of the model primary oscillatory motion, -amplitude of excitation moment, -frequency of the model primary oscillatory motion, -phase shift between the excitation moment and model primary oscillatory motion.
The Five-Component Dynamic Derivative Balance
The design and manufacturing of wind tunnel balances are based on the very contrasting requirements. A model and wind tunnel balance in a wind tunnel test section is shown in Fig. 4 . In a design of a strain gauge balance a large number of requirements have be considered such as the type of wind tunnel, the range of Mach number, the maximum allowable geometric dimensions of the balance, the form and dimensions of the connection between the balance and model as well as those between the balance and a sting, the number of aerodynamic components and corresponding design loads, the model mass and the positions of the centre of mass, the location of the moment reference centre. In the blowdown-type wind tunnels, as T-38 wind tunnel is, balances have to be designed for huge loads at start and the end of the wind tunnel runs. Large transient loads during starting and stopping wind tunnels runs on high Mach numbers is common characteristics of blowdown wind tunnels. The intensity of the transient loads is proportional to the model size and wind tunnel stagnation pressurized. Researchers and constructors in the blowdown-type wind tunnels have opted for design and manufacturing of the model, sting, internal wind tunnel balances and measurement equipment from steel alloys of high quality. Much attention is also paid to increasing the stiffness of wind tunnel balances and stings [16] .
The five-component dynamic derivative balance, for the T-38 pitch/yaw apparatus, has to enable measurement in supersonic requiem of flow where presence of the transient loads requires stiff balance. An important requirement in any forced-oscillation apparatus and wind tunnel balance for damping derivative measurements is its structural rigidity. This is especially important requirement in measurements of the aerodynamic reactions in the secondary degrees of freedom. Small amounts of structural distortion under the action of the oscillatory aerodynamic loading can give rise to considerable error in the measurement of the aerodynamic and structural reactions from the secondary degrees of freedom. On the other hand, since the signals from the balance measuring bridges are primarily proportional to the strain in the balance measuring sections, very important requirement in the strain gauge balance design is optimal signal level from the measuring bridges. The dynamic derivative balance has to ensure accurate measurement of the very low values of the aerodynamic reactions produced by the model oscillatory motion.
The five-component balance with foil-type strain gauges, which was previously used in the T-38 wind tunnel dynamic derivative measurements, is shown in Fig.  5 . Tab. 1 lists the design loads of the balance, maximum values of the output signals and gives a summary of achieved accuracy in the balance calibration, where FS is full scale of the balance component, Y is aerodynamic side force, Z is aerodynamic normal force, L is aerodynamic rolling moment, M is aerodynamic pitching moment and N is aerodynamic yawing moment. The series of the T-38 wind tunnel dynamic measurements, using the balance with foil-type strain gauges, have shown that in some signals in the model primary degree of freedom and in the majority of the signals in the secondary degrees of freedom the frequency of the primary oscillation cannot be detected. This balance has very law accuracy of the determining oscillatory components of the signals. It is known that foil strain gauges provide required accuracy of the measurements in static wind tunnel tests. Knowledge that semiconductor strain gauges enable determination of the oscillatory components of the signals even if they are deeply hidden in the noise, led to their application in the T-38 wind tunnel dynamic measurements [17] . The dynamic derivative balance with semiconductor strain gauges is shown in Fig. 6 . The balance diameter is 40 mm. This dynamic balance is manufactured out of one piece shaping a particular section to obtained three measuring sections.
The forward and backward measuring sections are used for the measurement of the normal force and pitching moment, as well as the side force and yawing moment. These two measuring sections are shaped as a three-bare cage. The central measuring section, shaped as a five-bar cage, is used for the measurement of the rolling moment. The accurate measurements of mechanical strain and deformations using semiconductor strain gauges necessarily demands to compensate the gauge output signals against undesirable temperature effects. For this balance, the compensation is accomplished by series of the resistor elements, whose resistance is independent on temperature. The resistances of the zero-balancing and shunt-compensation resistor elements as well as values of the electrical current for supplying the measuring bridge are determined in the balance calibration. The balance calibration is done using the composite loading method [18] 
Procedure for Measurement of Static Aerodynamic Data
During the T-38 wind tunnel dynamic measurements static aerodynamic data can also be measured. The accurate measurements of the static aerodynamic data in the dynamic wind tunnel tests lead to a shorter time of static aerodynamic measurements that always precede the wind tunnel dynamic measurements.
According to the T-38 wind tunnel dynamic test procedure, one control run, for each Mach number and model angle of attack, must be done before the dynamic wind tunnel run. In this particular run, cooled control wind tunnel run, the model is installed on the forced oscillation apparatus, but the apparatus is not forced to oscillate. During this run only static aerodynamic data is obtained. The control run is the static wind tunnel run. Such consecutive measurements provide the best conditions for the comparison of the measured static data in control wind tunnel run and dynamic wind tunnel run.
In the T-38 wind tunnel data acquisition system is based on Teledyne 64 channel "front end" system controlled by PC computer. The total sampling rate of the data acquisition system is 60 kHz. The data of all analog channels, in the test, are digitalized by 16-bit resolution A/D converter with overall accuracy of the acquisition system being about 0.05% to 0.1% full scale of the channel rate.
In the dynamic wind tunnel measurements, one wind tunnel run is done for each angle of attack of the model. The duration of each dynamic wind tunnel run was 12 s, of which 8 s was the sampling data time. The channel of the oscillatory motion sensor and all channels of the balance are sampled with 1000 sample/s rate. In the wind tunnel static run (control run), all channels of the balance were sampled with 300 sample/s rate.
The components of the aerodynamic load in the body axis system are given in Fig. 8 , where X is aerodynamic axial force.
Figure 8 Body axis systems
The static aerodynamic coefficients in the body axis system are calculated from aerodynamic forces and moments which are measured by internal balance:
where C z is normal force non-dimensional coefficient, q ∞ is dynamic pressure, C m is pitching moment nondimensional coefficient, S is a model reference area and d is the model reference length.
AERODYNAMIC SEMI-EMPIRICAL AND NUMERICAL PREDICTION
The research of aerodynamic data, presented in the paper, consists of two groups of aerodynamic predictions: the semi-empirical aerodynamic predictions and numerical predictions with code of Computational Fluid Dynamics (CFD) incorporated into Ansys Fluent software [13] . The prediction research model of body was 0.1 m referent diameter and 10 referent diameter long the wind tunnel model.
The semi-empirical aerodynamic prediction (ADP 1 ) is done using aerodynamic prediction software RASAero [10] . The results of the aerodynamic prediction (ADP 1 ) are normal force aerodynamic coefficients and axial position of the centre of pressure of normal force, for range of Mach numbers and angle of attack to the value of 5 degrees. The values of pitch moment coefficient are derived from the results of normal force coefficient at resulted referential position on the model.
The second set of semi-empirical prediction (ADP 2 ) is done for normal force coefficient. This semi-empirical prediction is done with methods based on experimental and theoretical aerodynamic research of rockets and projectile and presented in [11, 12] . The aerodynamic data, according to prediction ADP 2 , are derived for the same geometric parameters in the research as in the semiempirical aerodynamic prediction ADP 1 .
The aerodynamic numerical prediction simulations of the wind tunnel model are performed using the (CFD) code. The governing equation is based on Reynolds Averaged Navier Stokes equations (RANS), given by equations for the conservation of mass, momentum, energy and ideal gas law, presented in the following forms [14, 19, 20] : -continuity:
-momentum:
-energy:
where p is mean pressure, ρ is mean density, µ is molecular viscosity, u i are mean velocities, h 0 is total enthalpy, λ is thermal conductivity. Reynolds stresses were given at term, 2 ' ' 3
where µ t is turbulent or eddy viscosity, k is turbulent kinetic energy. To correctly account for turbulence, Reynolds stresses are modeled in order to achieve closure of Eq. (4). The method of modelling employed utilizes the Boussinesq hypothesis to relate the Reynolds stresses to the mean velocity gradients within the flow. The numerical researches are provided as two numerical results, presented in the paper as (CFD 1 ) and (CFD 2 ). The numerical simulation with two-equations turbulence model k-ω, as shear stress transport SSTvariant was done mark (CFD 1 ), where the turbulent viscosity is computed through solution of two additional transport equations for the turbulent kinetic energy, and either the turbulence specific dissipation rate, ω, [14, 17] . The second model of the numerical simulation was fourequation transitional SST turbulence model (mark CFD 2 ).
Figure 9
The mesh concept applied in the numerical simulation
The numerical discretization of the computational domain around the model was designed with hybrid mesh of tetrahedral and hexahedral cells. The computational domain of ellipsoid is created with longitudinal length of 80 referent diameter of model and lateral width of 40 referent diameter of model, Fig. 9 . The spatial discretization schemes of the equations were second order upwind. The first computational domain consisted of 1.2 million of cells (CFD 1 ). The second mesh structure was modified, and consisted of 1.9 million of cells (CFD 2 ).
The outer boundaries were set to the free stream conditions at standard atmosphere for the total temperature T = 288 K and the total pressure p = 101.325 Pa. The inner boundary of the model was modelled as no-slip, isothermal wall boundary.
The criteria of convergence were constant values of aerodynamic coefficients of normal force and pitch moment, within last 100 iterations and the residuals below 5×10 −4 , for (CFD 1 ) simulations and 5.4×10
−5 for (CFD 2 ) simulations. Fig. 9 represents the mesh resolution near the wall of the model that is applied in the numerical simulations.
The numerical steady state simulations with twoequation turbulence model and 1.2 millions of cells mesh (CFD 1 ) were enabled to obtain the results with lower processor computing resources, and realized on eight cores processor for each Mach number and the angle of attack separately. The numerical simulations with fourequation model and 1.9 millions of cells mesh (CFD 2 ) are done for each Mach number and angle of attack on a higher processor computing resource, and significant extended processors time.
EXPERIMENTAL, SEMI-EMPIRICAL AND NUMERICAL RESULTS
The T-38 wind tunnel testing, the aerodynamic predictions and the numerical simulations are done for Modified Basic Finner model (MBFM) which is a wellknown standard model. This model is used for wind tunnel testing and verification of wind tunnels equipment as well as for the verification of different approaches for aerodynamic coefficients predictions. The MBFM model in the T-38 wind tunnel test section is shown in Fig. 10 . The wind tunnel tests were done at Mach numbers 0.6, 1.5 and 1.75. The static aerodynamic data were measured in the static and dynamic wind tunnel runs. The angle of attack of the model was in the interval from −2° to 5° and roll angle was 0°. In the dynamic wind tunnel tests the model was forced to oscillate in pitch mode at amplitude ± 0.5° and frequency of 10 Hz. The signal of the balance measuring bridge for pitching moment in the static wind tunnel test for Mach number 1.75 and angle of attack α = 0° is shown in Fig. 11a ). The signal of the pitching moment from the balance measuring bridge as well as the signal from the model primary oscillatory motion sensor (ODF) in the dynamic wind tunnel test for the same Mach number and angle of attack is shown in Fig. 11b) . The aerodynamic predictions are done for three Mach numbers according to the experimental research, and the results derived for the range of angle of attack, −2° to +5°. Figures Fig. 12 to Fig. 17 show the results of the normal force coefficients and pitching moment coefficients obtained by static wind tunnel runs (Exp stat ), dynamic wind tunnel runs (Exp dyn ), aerodynamic semiempirical predictions (ADP 1 and ADP 2 ) and two sets of numerical simulations (CFD 1 and CFD 2 ).
The presented values of normal force coefficient at subsonic Mach number, in Fig. 12 , show very good agreements of all the different results at the range of the angle of attack. The experimental static and dynamic measurements results show close agreement. The close agreements of numerical results, between two methods, and also in the comparison to both experimental results are obviously very good. The semi-empirical predictions of both applied methods justified the recommendations of application in the initial research stage, as reliable preliminary results of static coefficients.
The results of the normal force coefficient at transonic Mach number, Fig. 13 , show very close agreement of all applied methods. The pitching moment coefficients, presented in Fig.  15 , show close agreements of experimental results and numerical results. The small differences of the semiempirical results in relation to other results are insignificant, according to the initial prediction purpose. Fig. 16 shows the pitching moment coefficient at transonic Mach number. The significant differences of the semi-empirical results in relation to other results are presented. The numerical results are mutually agreed and rather correlated to dynamic experimental results. The results of pitching moment coefficient, at supersonic Mach number are presented in Fig. 17 and demonstrate the good preliminary values and trend of semi-empirical results, with noticeable deviation with regard to experimental results. Close agreements are shown of numerical results and pertinent correlations to the dynamic experimental results. The presented set of results of experimental research and measurement methods justified the accuracy, the quality and the reliability of the applied tests, in correlation to conducted numerical research. The significance of the numerical research is to understand and support the conducted tests.
CONCLUDING REMARKS
The comparison of the results of normal force coefficients and pitching moment coefficients between the set of the wind tunnel data and the set of the predicted aerodynamic data for three Mach numbers is done. The semi-empirical aerodynamic predictions are based on standard geometric parameters of the standard projectile model, MBFM model, and it is expected to predict similar characteristic of aerodynamic coefficients of normal force and pitching moment. It is more important that the numerical (CFD) predictions of the aerodynamic data have shown very good agreements with experimental results. The represented experimental static and dynamic wind tunnel tests have shown close mutual agreement.
It is shown that the semiconductor strain gauge balance enables the accurate measurements of the static aerodynamic data in the static wind tunnel runs as well as in the dynamic wind tunnel runs. The optimal signal-tonoise ratios from the balance measuring bridges are reached using the semiconductor strain gauges. In deciding which experimental technique to use to obtain static aerodynamic data, primary consideration must be the purpose of the test. Generally, balance for static wind tunnel tests is relatively simple to use, allows rapid data reduction, and yields data of low uncertainty for moderate to large angles of attack. The dynamic testing is more complicated and data reduction is more involved and time consuming. However, the forced oscillation technique provides a method of accurate obtaining static data during dynamic wind tunnel tests.
